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Abstract

Background: Patients with liver diseases often have some form of anemia. Hematological dyscrasias are known
side effects of antipsychotic drug medication and the occurrence of agranulocytosis under clozapine is well
described. However, the sex-dependent impact of clozapine and haloperidol on erythrocytes and symptoms like
anemia, and its association with hepatic iron metabolism has not yet been completely clarified. Therefore, in the
present study, we investigated the effect of both antipsychotic drugs on blood parameters and iron metabolism in
the liver of male and female Sprague Dawley rats.

Methods: After puberty, rats were treated orally with haloperidol or clozapine for 12 weeks. Blood count
parameters, serum ferritin, and liver transferrin bound iron were determined by automated counter. Hemosiderin
(Fe**) was detected in liver sections by Perl’s Prussian blue staining. Liver hemoxygenase (HO-1), 5'aminolevulinate
synthase (ALAS1), hepcidin, heme-regulated inhibitor (HRI), cytochrome P4501A1 (CYP1A1) and 1A2 (CYP1A2) were
determined by Western blotting.

Results: We found anemia with decreased erythrocyte counts, associated with lower hemoglobin and hematocrit,
in females with haloperidol treatment. Males with clozapine medication showed reduced hemoglobin and
increased red cell distribution width (RDW) without changes in erythrocyte numbers. High levels of hepatic
hemosiderin were found in the female clozapine and haloperidol medicated groups. Liver HRI was significantly
elevated in male clozapine medicated rats. CYP1A2 was significantly reduced in clozapine medicated females.
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Conclusions: The characteristics of anemia under haloperidol and clozapine medication depend on the
administered antipsychotic drug and on sex. We suggest that anemia in rats under antipsychotic drug medication
is a sign of an underlying liver injury induced by the drugs. Changing hepatic iron metabolism under clozapine and
haloperidol may help to reduce these effects of liver diseases.
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Background

The atypical antipsychotic drug clozapine is a highly ef-
fective drug for use in treatment-resistant schizophrenia.
Its risk of agranulocytosis has led to a stringent and
mandatory hematologic monitoring over the medication
period [1]. Other hematological dyscrasias like eosino-
philia, neutropenia, thrombocytopenia, or anemia can
also be observed, but the exact pathophysiologic mech-
anism remains unclear [2]. Anemia is a known but rare
side effect of antipsychotic drug medication in patients.
The disease is defined as a decrease in the total amount
of erythrocytes or hemoglobin content in red blood cells
(RBC) associated with a lowered ability to transport oxy-
gen to the cells [3, 4]. The number and volume of eryth-
rocytes, hemoglobin content, mean corpuscular volume
(MCV), and red blood corpuscular distribution width
(RDW) are the parameters of the blood count to predict
anemia and to calculate hematocrit, mean corpuscular
hemoglobin (MCH) and mean corpuscular hemoglobin
concentration (MCHC). The RDW is a measure of vari-
ation in the size of circulating erythrocytes, and can help
to differentiate the cause of anemia [5]. A high RDW is
often linked to iron, vitamin B, or folate deficiency and
to impaired erythropoiesis, thereby reflecting chronic in-
flammation and increased oxidative stress, both signs of
type 2 diabetes [6]. A clinical study [7] found a high inci-
dence of anemia in the first 2 years of clozapine medica-
tion. Medical comorbidities like diabetes mellitus
enhance the risk to develop anemia under clozapine
medication, whereas smoking seems to lower the risk of
anemia only in men by upregulating the hemoglobin
level in men. In contrast to clozapine, haloperidol rarely
causes hematologic side effects like leukopenia [8] or
neutropenia [9, 10].

The formation and degradation of erythrocytes are
strongly linked to iron metabolism. Hemoglobin is the
iron-containing (Fe**) and oxygen-binding red blood
pigment in vertebrate erythrocytes with heme as pros-
thetic group. The liver stores and processes hemoglobin,
therefore, people with liver disease often have some form
of anemia [11]. However, heme groups are also found in
a number of other biologically important hemoproteins
as cytochromes, catalases, heme peroxidase, or endothe-
lial nitric oxide synthase. Nearly half of the enzymes of
the citric acid cycle and the mitochondrial respiratory
chain contain iron or need it as cofactor. The heme

groups for these hemoproteins are synthesized in the
liver and nonspecific 5-aminolevulinate synthase 1
(ALAS1) is the first and rate-limiting enzyme of this
heme biosynthetic pathway in mammalian cells. The
heme groups for hemoglobin are synthesized in the bone
marrow and erythroid-specific ALAS2 regulates the first
step of this heme biosynthesis [12]. Clozapine and halo-
peridol are metabolized in the liver by the cytochrome
P450 (CYP) system. CYP1A2 is the main CYP isoform in
clozapine metabolism, and its activity is an important
determinant of clozapine dosage [13], whereas CYP1A1
is able to catalyze the metabolism of haloperidol [14].

Iron metabolism is finely regulated to control iron up-
take, storage, and recycling [15]. Hepcidin is the main regu-
lator of iron metabolism and is synthesized and released by
hepatocytes in response to increased body iron concentra-
tion or inflammation [16]. The eukaryotic translation initi-
ation factor 2-alpha kinase 1 (eI[F2AK1), also named heme-
regulated inhibitor (HRI), acts especially as a heme sensor,
and is induced under heme deficiency [17]. In red blood
cells, it controls hemoglobin synthesis by regulating the
synthesis of heme and globin moieties. However, knockout
of HRI increases endoplasmic reticulum (ER) stress, and its
pharmacological activation reduces ER-stress-induced hep-
atic steatosis and glucose intolerance during acute heme
deficiency conditions in mouse models [18]. Furthermore,
antipsychotic drugs are known to induce injuries in differ-
ent tissues such as the liver by ER stress, mitochondrial dys-
function or oxidative stress [19]. The oxidative stress-
induced heme oxygenase 1 (HO-1), a heme-containing
member of the heat shock protein family, has the highest
concentrations in spleen and liver and catalyzes the degrad-
ation of heme to biliverdin and finally bilirubin, ferrous iron
(Fe*"), and carbon monoxide.

In our recent studies, we have examined the basic pa-
rameters of clozapine and haloperidol medication in
serum [20], hepatic [21] and hypothalamic [22] lipid
and/or glucose metabolism in a rat model of metabolic
syndrome. In this study, we examined the effects of the
two antipsychotic drugs on blood parameters and their
relation to hepatic iron metabolism.

Methods

Ethics statement

All experiments were carried out in accordance with the
laws of the local authorities for animal experiments
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approved by the Landesamt fiir Natur, Umwelt- und
Verbraucherschutz (LANUV) NRW, Postfach 101,052,
45,610 Recklinghausen, Germany; Reference number
9.93.2.10.34.07.227. The study was carried out in compli-
ance with ARRIVE guidelines 2.0.

Experimental design

Ten-week old 30 male and 30 female healthy Sprague
Dawley rats from Taconic (Denmark) housed in 5
groups of 6 same-gender animals (sibling group) from
the same litter with free access to water and ground food
pellets (maintenance diet (Altromin Spezialfutter GmbH,
Germany) with 19% crude protein, 4% crude fat and
additionally 15% fat). The animals were maintained on a
12:12 h light/dark cycle at 21 °C and 60% humidity. For
acclimatisation the animals were handled every day and
weighted 2 times per week from PD 71. From PD 78 the
rats were separated from each other and individually
housed during the test period. Two animals per sibling
group were divided into the control, haloperidol-
medicated and clozapine-treated groups, resulting in 10
animals per group. To avoid puberty effects anti-
psychotic drug treatment started at PD 85 (week 13) to
PD 165 (week 25). Male (1 =10 per group) or female
(n =10 per group) rats were fed orally each day with clo-
zapine (Leponex’, Novartis, Germany with 20 mg/1kg
body weight (BW)/day in ground pellets), corresponding
to an effective average dose rate to 18.5 +0.26 mg/kg
BW for males and 17.7 £+ 0.38 mg/kg BW for females
[20]. Haloperidol (Haloneurol®, Hexal, Germany) was fed
with 1 mg/1 kg BW/day in ground pellets, corresponding
to an effective average dose rate of 0.8 + 0.03 mg/kg BW
for males and 0.6 + 0.08 mg/kg BW for females [20]. Re-
sults were compared to those in male (n =10) and fe-
male (n =10) control groups fed only with ground
pellets. On PD 169 (week 25) twelve hours after food re-
moval, the animals were anaesthetized by Pentobarbital
(Narcoren, Merial, Germany), blood samples were col-
lected by aorta puncture and the animals were killed by
bleeding out. Serum levels of clozapine and N-
desmethylclozapine were quantified by HPLC in the bio-
chemical laboratory of the LVR Klinikum Diisseldorf
[20]. Blood count values like leukocytes, erythrocytes,
haemoglobin content, hematocrit, mean corpuscular vol-
ume (MCV), mean corpuscular haemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC),
red cell distribution width (RDW), thrombocytes, serum
ferritin and liver transferrin-bound iron were determined
by automated counter in the clinical laboratory of the
LVR Klinikum Diisseldorf (Additional file 1).

Ferric liver iron
Ferric liver iron (Fe**) was analysed by Perl’s Prussian
blue staining [23]. Ten pm sections of frozen liver were
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fixed with 4% buffered neutral formalin at room
temperature for 5 min, washed three times with distilled
water and air-dried. After descending alcohol series the
tissue was prestained in 10% potassium-ferrocyanide for
5min and stained with equal parts of a mixture of 2%
potassium-ferrocyanide solution and 1% hydrochloric
acid for 30 min at 37°C. After washing with distilled
water the slides were counterstained with nuclear fast
red aluminium sulphate solution (Roth, Germany) for 5
min, rinsed with distilled water, dehydrated in Roti-
Histol (Roth, Germany) and mounted in Roti-Histokitt
(Roth, Germany). Stained areas were observed under the
microscope (Axioscope, Zeiss, Germany). Axiovision
software (Zeiss, Germany) recognizes blue coloured he-
mosiderin deposits and automatically calculate the per-
centage of the hemosiderin granules in proportion to the
uncoloured total area of the image section. This was one
on four serial sections and the percental level of hemo-
siderin was averaged.

Oxidative stress

Lipid peroxidation in the serum was determined through
the production of thiobarbituric acid reactive substances
(TBARS) as previously described [24]. 50 ul SDS (8.1%),
375 ul acetic acid (20%, adjusted to pH3.5 with 1N
NaOH) and 375 pl TBA (0.8% aqueous solution of thio-
barbituric acid) were added to 50 pl serum and filled-up
to 1 ml with aqua dest. The solution was boiled for 60
min and cooled down to room temperature. 0,5ml n-
butanol + pyridine (15:1) was added, thoroughly mixed,
and centrifuged for 10min at 2000rpm at room
temperature. Spectral absorption was measured at 532
nm and malondialdehyde eqivalents were calculated in
pumol/ml by a standard curve.

Western blot

Protein expression of ALAS1, HO-1, hepcidin, and HRI
was identified by Western blot analysis in the hepatic
whole cell lysate of each animal, while CYP1A1l and
CYP1A2 protein expression were determined in the
membrane fraction of each rat. 0.2 g liver was homoge-
nized on ice in 320 pul buffer (0.681g KH2PO4, 1.1g
Na2HPO4 dissolved in 255 ml aqua dest with protease
inhibitor (complete mini, EDTA free, Roche Diagnostics,
Germany)) and centrifuged at 12000g for 10 min at
4°C.Total protein content of the supernatant (cytosolic
fraction) and the pellet (membrane fraction) was mea-
sured using the DC Protein Assay from Bio Rad
(Germany). 25 ug protein from each animal was sepa-
rated on NuPAGE™ 4-12% Bis-Tris gels (Thermo Fisher
scientific, Germany) and blotted onto Invitrolon mem-
branes (Thermo Fisher scientific). Membranes were then
blocked with Roti Block (Carl Roth, Germany) in TBS-T
(1:10) at 4°C for 1h. The blocked PVDF membranes
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were incubated overnight at 4°C either with mouse
monoclonal heme oxygenase 1 antibody (1:1000, sc-
9390991, Santa Cruz Biotechnology, Germany), goat
polyclonal hepcidin antibody (1:1000, sc-240553, Santa
Cruz), mouse monoclonal HRI antibody (1:1000, sc-
365239, Santa Cruz), rabbit polyclonal ALAS1 (1:1000,
ABIN6714659, antibodies-online, Germany), goat poly-
clonal CYP1A1l antibody (1:2000, ab126887, Abcam,
Germany) or mouse monoclonal CYP1A2 antibody (1:
1000, sc-53614, Santa Cruz) in TBS-T and then probed
at room temperature for 1h with the HRP-conjugated
secondary antibody (1:10000, ab97051, Abcam). Result-
ing autoradiographs were measured by densitometry
using Gene Snap and Gene Tools software (Syngene,
Synoptics Ltd., United Kingdom). The membranes were
routinely stained with Ponceau-S before immunostaining
in order to confirm correct samples loading and the
transfer of equivalent amounts of protein [25]. The
audioradiographs of each animal were found in the sup-
plementary figure 1.

Statistical analysis

Our study is an exploratory study, so we chose 10 ani-
mals per group (male and female controls, male and fe-
male haloperidol-medicated rats, male and female
clozapine-medicated animals) to obtain statistically valid
conclusions. Statistical analysis was performed using the
IBM SPSS version 25 for windows. All data were repre-
sented as mean + SEM and all tests were two-tailed. The
data were examined by two-way ANOVA with the be-
tween—subject factors MEDICATION and SEX and one-
way ANOVA with MEDICATION as factor. In case of
significant group effects appropriate posthoc tests were
carried out between the groups. Sex-dependent effects
were examined by t-tests for independent samples. Due
to the small number of animals per group and the ex-
plorative character of the study p-values <0.05 were
considered as statistically significant and multiple testing
was presented without a-adjustment. A bivariate correl-
ation procedure with Spearman-Rho coefficient was car-
ried out to test the relationship between erythrocyte
count and hemoglobin, as well as transferrin bound iron
(Fe**), the level of Fe** and hepcidin in liver tissue,
ALAS1 and CYP1Al in the haloperidol groups, and
ALASI and CYP1A2 in the clozapine groups. CYP1A1l
levels were correlated to hemoglobin, aspartate amino-
transferase (AST), alanine aminotransferase (ALT), alka-
line phosphatase (AP) and the serum level of haloperidol
in the haloperidol groups as well as CYP1A2 to
hemoglobin, ALT, AP and the serum level of clozapine
and desmethyl-clozapine in the clozapine groups with
p< 0.05 as significant. All graphs were performed by
Excel 2016 for Windows. Significant correlations are
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seen as simple scatterplots performed by spss in the sup-
plementary figure 2.

Results

Blood cell count and serum oxidative stress (Table 1A)
Thrombocytes did not differ between the groups and be-
tween male and female rats. Leucocytes varied signifi-
cantly in SEX [F (1,56)=14.17 p =0.00043] and
MEDICATIONXSEX [F (2,56) =5.11 p = 0.009] and male
haloperidol medicated rats differed from female rats
(p =0.0003). The number of erythrocytes differed signifi-
cantly for MEDICATION [F (2,56)=6.49 p =0.0031]
and SEX [F (1,56) = 24.44 p = 0.000009]. Female controls
had significantly more erythrocytes than female halo-
peridol medicated rats (p =0.014). Male controls (p =
0.002) and haloperidol medicated rats (p = 0.00013) had
significantly more red blood cells than females.
Hemoglobin content differed for males [F (2,28) = 3.49
p =0.045] with a lower hemoglobin content for cloza-
pine medicated rats (p =0.048) and females [F (2,27) =
4.66 p =0.019] with a lower hemoglobin level for halo-
peridol medicated rats (p =0.037). The hematocrit value
differed for MEDICATION [F (2,55)=3.58 p =0.035]
and MEDICATIONXSEX [F (2,55) =4.63 p =0.014] and
female haloperidol medicated rats showed a lower
hematocrit than the controls (p =0.034) and the cloza-
pine treated animals (p =0.003). MCV differed for SEX
[F (1,56) =34.93 p <0.000001] and female rats had a
higher MCV than the respective males (p =0.00039 for
controls, p =0.00022 for clozapine) except the haloperi-
dol treated group. MCH differed for MEDICATION [F
(2,56) =10.24 p = 0.00018] and SEX [F (1,56) =49.85 p <
0.000001]; a higher MCH was found in the haloperidol
medicated males compared to controls (p =0.001) and
clozapine medicated rats (p =0.00022). Female rats had
higher MCH values than males (p = 0.00004 for controls,
p =0.012 for haloperidol, p=0.001 for clozapine). The
MCHC differed for MEDICATION [F (2,56)=7.17 p =
0.002] with higher values of haloperidol medicated fe-
males compared to clozapine (p =0.006). RDW differed
for MEDICATION [F (2,56) =5.11 p =0.010], SEX [F
(1,56) =108.46 p <0.000001] and MEDICATIONXSEX
[F (2,56)=7.40 p=0.002]. A lower RDW value was
found in the male haloperidol medicated group (p =
0.022), a higher RDW in the male clozapine treated
group (p =0.032) and male haloperidol treated rats dif-
fered from the clozapine medicated rats (p =0.000027).
In all three groups males had a higher RDW than the re-
spective females (p < 0.000001 for controls, p = 0.045 for
haloperidol, p <0.000001 for clozapine). HbAlc is sig-
nificantly lowered in the female haloperidol medicated
group (p =0.005) [20]. We found no increased malon-
dialdehyde as oxidative stress marker in the serum of
antipsychotic drug medicated rats. As expected
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Table 1 Blood (A) and iron (B) parameters in male and female control, haloperidol and clozapine medicated Sprague Dawley rats
after 12 week trial period (n = 10). The values marked in grey are significant compared to controls with *p < 0.05 and **p < 0.001 as

significant

control male haloperidol male clozapine male control female haloperidol female clozapine female
A Blood parameters
leukocytes [ /nl] 4.80+0.63 5.94+0.58 3.86+0.46 3.61+0.30 2.71+0.19 3.73+0.63
erythrocytes [ /pl] 8.56+0.11 3.23+0.09 8.33+0.09 3.03+0.01 7.6+0.08% 8.15+0.18
hemoglobin [a/dl] 15.09+0.10 15.1240.17 14.62+0.16% 15.03+0.12 14.40+0.15* 15.004+0.21
hematocrit [%] 43.98+0.53 43.38+0.56 42.7140.64 43.2440.45 40.764+0.49% 43.80+0.91
MCV [fl] 51.32+0.48 52.67+0.24 51.30+0.38 53.88+0.34 53.47+0.57 53.78+0.37
MCH [pg] 17.61+0.14 18.35+0.07** 17.55+0.13 18.72+0.14 18.91+0.19 18.42+0.18
MCHC [g/dl] 34.36+0.21 34.82+0.11 34.25+0.30 34.75+0.14 35.31+0.13 34.28+0.31
RDW [%] 16.20+0.22 15.25+0.25% 17.02+0.20% 13.61+0.20 14.16+0.46 14.00+0.17
thrombocytes [ /nl] 324.446.,9 847.6+34.7 851.1+73.7 892.5+51.5 594.7+68.8 783.6+46.3
HbALC [%] # 3.41+0.06 3.27+0.07 3.47+0.08 3.01+0.048 2.80+0.02%* 3.01+0.08
oxidative stress serum 39.14+4.01 39.92+5.35 32.82+3.82 32.32+5.07 38.32+5.96 33.66+4.65
[MDA pmol/ml]
B Iron metabolism
serum ferritin [ng/ml] 3.00+0.55 2.60+0.40 2.40+0.25 2.40+0.25 4.40+0.51 3.40+0.75
liver t{;’fﬁ;’f}gl;"’“”d 502.0+19.5 558.0+31.6 506.0+15.1 962.0+78.4 874.4+56.1 887.8+98.0
liver Fe®* [%] 0.0 0.0 0.0 0.033+0.022 0.346+0.13* 0.372+0.13*

# von Wilmsdorff et al. 2013

Fig. 1 Perl’s Prussian blue staining counterstained with nuclear fast red aluminium sulphate solution on 10 um frozen liver sections of male and
female Sprague Dawley rats after 12 week medication with haloperidol or clozapine, (m = male, f =female, contr = control, Halo = haloperidol
medicated, Cloz = clozapine medicated)

.
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erythrocyte count was positively correlated to
hemoglobin for male (p=0.678 p =0.045) and female
(p=0.819 p =0.004) controls, male (p=0.752 p =0.012)
and female (p=0.912 p =0.001) clozapine medicated
rats and male haloperidol treated animals (p = 0.888 p =
0.001), but not for females under haloperidol medication
(p =0.159 p = 0.683).

Iron parameters (Table 1B, Figs. 1 and 2)

Only in female liver tissue, we found the characteristic
blue staining of Fe>* by Prussian blue (Table 1B, Fig. 1).
Two of the ten control females, six of the ten females
under haloperidol medication and six of the eight fe-
males medicated with clozapine showed ferric ions
(Fe**) in liver tissue with a tenfold higher amount in
medicated female rats (p =0.034 for haloperidol, p =
0.044. for clozapine). We did not find differences for
serum ferritin (Table 1B). Liver transferrin bound iron
(Fe**) differed for SEX [F (1,57) = 69.36 p <0.000001],
whereas male rats had lower iron levels in liver tissue
than the respective females (p =0.00019 for controls,
p =0.00010 for haloperidol, p = 0.004 for clozapine). No
correlation of transferrin bound iron and Fe** was found
in the female groups, but we found a negative correl-
ation between transferrin bound iron and hepcidin in fe-
male haloperidol medicated rats (p=-0.929 p =0.001)
and between Fe** and hepcidin in female clozapine med-
icated rats (p = - 0.847 p =0.016).

The level of liver hemoxygenase-1 (Fig. 2A.) did not
differ significantly between the controls and the medi-
cated groups, but varied significantly for SEX [F (1,54) =
13.07 p =0.001], in which only haloperidol medicated
males and females differed significantly from each other
(p =0.014). Hepcidin (Fig. 2B.) did not differ signifi-
cantly between the groups. HRI (Fig. 2C.) was different
for MEDICATION [F (2,54) =13.03 p =0.00003], SEX
[F (1,54) = 25.39 p =0.000007] and MEDICATIONXSEX
[F (2,54) = 6.30 p = 0.004]. Male clozapine medicated rats
differed from male controls (p = 0.00005) and from male
haloperidol treated rats (p =0.006). Male haloperidol
and clozapine medicated rats had higher liver HRI levels
than females (p = 0.001 for haloperidol and p = 0.001 for
clozapine). ALAS1 (Fig. 2D.) did not differ between the
groups. CYP1A1 (Fig. 2E.) differed for MEDICATION [F
(2,54) =4.61 p =0.015] and male haloperidol medicated
rats showed higher CYP1A1 protein expression than clo-
zapine treated male rats (p =0.05). CYP1A2 (Fig. 2F.)
varied for MEDICATION [F (2,54) =5.18 p =0.009] and
SEX [F (1,54) =4.76 p =0.034], and female rats with clo-
zapine medication differed significantly from the control
group (p =0.031).

No correlation was found between CYP1Al and
hemoglobin in the haloperidol-medicated groups and
CYP1A2 and hemoglobin in the clozapine treated
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groups, as well as between ALAS1, CYP1Al and
CYP1A2. Females with haloperidol medication showed a
positive correlation of CYP1A1 expression with the liver
transaminases AST (p=0.733 p =0.025) and ALT (p =
0.783 p =0.013). Male rats, treated with haloperidol,
showed a negative correlation between CYP1A1 and the
serum level of haloperidol (p=-0.801 p =0.010),
whereas males medicated with clozapine showed a posi-
tive correlation between CYP1A2 and the serum level of
clozapine (p=0.636 p =0.048) as seen in Supplement
Fig. 2.

Discussion
Our study is an explorative examination of clozapine
and haloperidol effects on male and female Sprague
Dawley rats in the context of the metabolic syndrome.
Basic parameters like weight gain, food and water intake,
activity, basic serum, hepatic and hypothalamic parame-
ters were showed in previous publications [20-22].
Hematological abnormalities and anemia of diverse
etiology are frequently associated with chronic liver dis-
eases [26, 27]. In rats, clozapine induces hepatic oxida-
tive stress leading to liver injury [28] and hepatic
steatosis with elevated triglyceride levels [29]. In our
study, MCV, measuring the average volume of red blood
cells, is unchanged in the medicated groups compared to
controls (Table 1). Therefore, we define the observed
anemias with decreased overall hemoglobin levels as
normocytic. Haloperidol increases the MCH with de-
creased RDW in male rats (Table 1) associated with high
oxidative stress, increased alanine aminotransferase
(ALT) and higher neutral fat depots in the liver [21],
caused probably by chronic liver disease [30]. In con-
trast, clozapine decreases hemoglobin with increased
RDW in males without changes in the number of eryth-
rocytes, associated with high liver oxidative stress, but
without changes of liver transaminases under chronic
medication [21]. However, clozapine significantly in-
creases liver mass, neutral fat depots and triglycerides in
male hepatic tissue, pointing probably to beginning stea-
tosis. Hepatic fat deposition as sign of liver disease was
seen in all medicated groups except for females under
clozapine treatment. RDW is a sensitive and specific
marker for the assessment of inflammation in patients
with non-alcoholic steatohepatitis [11, 31]. Furthermore,
high RDW is associated with the metabolic syndrome, a
chronic inflammatory disorder and a potential prognos-
tic index for liver disease [32]. Therefore, our results in-
dicate further signs of hepatic non-alcoholic fatty liver
disease (NAFLD) in male rats under clozapine medica-
tion as seen in our previous studies [20, 21]. In female
rats with haloperidol medication, we find decreased
erythrocyte counts with lower hemoglobin content, and
reduced hematocrit (Table 1), indicating anemia, caused
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Fig. 2 Protein expression of A. heme oxygenase 1 (HO-1), B. hepcidin, C. heme-regulated inhibitor (HRI), D. 5-aminolevulinate synthase 1 (ALAS1),
E. cytochrome P450 1A1 (CYP1AT1), F. cytochrome P450 1A2 (CYP1A2) in male (m) and female (f) control (Contr), haloperidol (Halo) and clozapine
(Cloz) medicated Sprague Dawley rats with n=10 and *p < 0.05, **p < 0.001 and ***p < 0.00001 as significant. The autoradiographs show the

protein expression of pooled probes of each treatment group

by loss or decreased formation of erythrocytes, and asso-
ciated with decreased HbAlc levels and elevated hepatic
oxidative stress, neutral fat depot and ALT [20, 21].
Interestingly, in the haloperidol group, the erythrocyte
count is not correlated with the hemoglobin level as
seen in the control and clozapine medicated group (Sup-
plement Fig. 2 A.-D.). It is well known that anemia and
red cell turnover affect the Hb1Ac and a low HblAc
may reflect decreased liver function as found in US
adults without diabetes [33]. In contrast to haloperidol,
clozapine does not change the blood count values of fe-
males (Table 1). This is in accordance with the study of
Wasti et al. [34], who find no characteristic change in
red blood cell numbers of clozapine treated rats. How-
ever, white blood cells and neutrophil counts are mark-
edly increased with concurrent decrease in lymphocyte
count. In summary, we present evidence that the etio-
pathology of anemia depends on sex and the anti-
psychotic administered and seems to be an
epiphenomenon of an underlying hepatic disease. Male
rats under haloperidol medication and female animals
under clozapine treatment may have different mecha-
nisms that prevent or at least attenuate the development
of anemia. A study [4] in schizophrenic patients under
clozapine or haloperidol showed manifestations of
anemia pointing to iron deficiency anemia. Unfortu-
nately, this study did not distinguish between sexes.
Moreover, a case report showed that hemoglobin levels
were severely reduced under clozapine and that
clozapine-induced anemia originates from bone marrow
suppression [35]. The study by Tanra et al. [36] showed
an increase in RDW and mean platelet volume (MPV)
under haloperidol, again without differentiation by sex.
Iron deficiency anemia, the most common form of
anemia, shows a hypochromic, microcytic blood count,
whereas the rats in our study are normocytic with de-
creased hemoglobin levels in male rats like most of the
clozapine medicated non-smoker patients [7]. Lee’s
study postulates, that anemia under clozapine medica-
tion is not based on iron deficiency and therefore
anemia under clozapine may represent an epiphenom-
enon of the underlying psychiatric illness rather than
clozapine itself. In contrast, we find anemia with differ-
ent hematological and hepatic characteristics in male
clozapine and female haloperidol medicated animals
without psychiatric illness. In consequence, we postulate
that hematological dyscrasia under antipsychotic drug
medication seems to be a secondary phenomenon of an

underlying hepatic injury, caused by the medication
itself.

The liver plays a crucial role in iron homeostasis and
iron regulation seems to be disturbed in NAFLD [37],
which is strongly associated with the metabolic syn-
drome [38, 39]. Atypical antipsychotics like clozapine
can induce the metabolic syndrome and NAFLD [40]. In
female Sprague Dawley rats, clozapine and haloperidol
lead to non-significantly higher serum ferritin and lower
hepatic transferrin bound iron associated with a tenfold
higher hepatic ferric ion (Fe®*) retention as hemosiderin
granules [41], the insoluble form of iron (Table 1, Fig.
1), pointing to iron overload. Interestingly, female con-
trols show also some hemosiderin deposits. The two af-
fected females show metabolic disturbances, such as
elevated body weight, increased fat deposition in adipo-
cytes and liver, increased lactate, cholesterol, leptin and
iron and decreased insulin, so that the hemosiderin de-
posits probably result from this. Aged or prematurely
damaged erythrocytes are lysed in macrophages, and
hemoglobin is degraded to heme and globin. Heme oxy-
genase (HO-1) in macrophages reduces heme and re-
leases iron, which is quickly exported from the
macrophages, bound to plasma transferrin and trans-
ported to erythrocyte precursors in the bone marrow,
whereas iron, not rapidly released into plasma, is stored
in macrophages as ferritin or hemosiderin. Binding of
iron as ferritin or hemosiderin decreases the amount of
“free iron”, which catalyzes the formation of ROS and
oxidizes polyunsaturated phospholipids in membranes of
organelles and cells [42]. Our results correspond to the
results of Favreau-Lessard et al. [43]. They could show
hemosiderin deposition and depleted hepatic glycogen
stores as signs of liver injury after doxorubicin medica-
tion in mice. In addition to hemosiderin deposition, we
have previously found decreased hepatic glycogen stores
in clozapine-medicated females [21]. In a rat model of
hepatic acute-phase reaction, Malik et al. [44] could
show, that increased liver iron may be the consequence
of hepatocyte damage. Iron is released into the serum, is
then transported back to the liver and stored there as
ferritin. In the case of a resulting hyperferritinemia, the
iron is then deposited as hemosiderin. Besides hepcidin
and HRI, there may be other control mechanisms to
control iron metabolism in the two sexes. In the human
ferroportin disease, characterized by iron deposits in
macrophages, no chronic liver disease was reported, but
liver-derived hepcidin levels were elevated, similar to the
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results in female clozapine treated animals. Furthermore,
the retention of iron in hepatic macrophages seems to
protect against damage of parenchymal liver cells [45].
Further investigations are needed to explain the hemo-
siderin deposits and the hepatic glycogen depletion in fe-
males. In summary, in the present study, we found a
sexual dimorphism to reduce hepatic oxidative stress: fe-
males store iron as hepatic hemosiderin granules or fer-
ritin, reflected in higher serum ferritin and liver
hemosiderin levels, whereas male clozapine-medicated
rats increase the level of hepatic heme regulated inhibi-
tor (HRI) (Fig. 2C.). HRI, the main heme sensor, inhibits
excess globin protein or heme synthesis at the transla-
tion initiation level in response to oxidative stress or
heme deficiency under disease states in hepatocytes, and
thus reducing the severity of these diseases [46]. Add-
itionally, HRI controls hepatic P450 cytochromes and
decreases ER stress. Its pharmacological activation re-
duces hepatic steatosis and glucose intolerance in mouse
models [17]. In line with these results, the clozapine-
treated male rats have normal fasting glucose levels,
while the female rats are hyperglycemic [20].

Iron absorption and iron release from cells that recycle or
store iron, are regulated by hepcidin [47]. Recent research
findings could show that hepcidin levels correlate with liver
iron content, but the dysmetabolic iron overload is not ne-
cessarily due to altered hepcidin synthesis [48] as seen in
haloperidol-medicated females. Females with clozapine
medication show non-significant elevation of hepcidin
levels (Fig. 2B.), inhibiting probably dietary iron absorption
and leading to retention of excess iron as hemosiderin
within tissue macrophages [49]. Interestingly, the hepcidin
level of female clozapine medicated rats is negatively corre-
lated to the amount of Fe®" in liver tissue, whereas in fe-
males under haloperidol medication hepcidin is negatively
correlated to the transferrin bound iron in serum (Supple-
ment Fig. 2 E.-F.). Furthermore, hepcidin may enhance hep-
atic lipid accumulation, as seen in male and female
haloperidol and male clozapine treated rats. It seems to play
a role in the regulation of hepatic metabolic pathways in-
volved in the pathogenesis of NAFLD [50], but the under-
lying mechanism is unclear as well as the effect of estrogen,
which is known to modulate hepcidin synthesis and serum
iron availability [51]. HO-1 and ALAS] are the rate limiting
enzymes of heme degradation and synthesis, respectively.
Although HO-1 is stress-induced, its hepatic protein ex-
pression (Fig. 2A.) as well as ALAS1 (Fig. 2D.) is not signifi-
cantly altered in our study by haloperidol or clozapine
medication. However, the higher HO-1 expression in halo-
peridol medicated females could probably help to accumu-
late iron as a pro-oxidant mechanism [52]. Over 50% of the
heme synthesized in the liver is linked to the synthesis of
P450 enzymes [53]. However, CYP1A1 (Fig. 2E) is not sig-
nificantly increased in the haloperidol groups, but is
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negatively correlated with haloperidol serum level in males
(Supplement Fig. 2G.). CYP1A2 (Fig. 2F.) is decreased in
both clozapine groups and positively correlated with cloza-
pine serum level in males (Supplement Fig.2H.). Adult male
rats seem to be more susceptible to liver injury than fe-
males as seen in mice, probably due to decreased expres-
sion and/or activity of P450 enzymes [54]. However, the
role of estrogen in iron and P450 enzymes metabolism is
not yet fully understood [55]. In summary, the synthesis
and degradation of hem groups are probably not affected
by clozapine and haloperidol medication. However, signifi-
cant sex-specific differences are found in the expression of
HRI and CYP1A2. A possible explication of the metabolic
differences between the two sexes could be the fact that
clozapine has a lower metabolic conversion rate in male SD
rats. Female SD rats, exhibiting no robust weight gain or fat
deposition, showed a high level of the metabolite N-
desmethyl-clozapine, whereas male SD rats had an equal or
higher level of clozapine [20]. In patients, N-
desmethylclozapine has higher half-life elimination and
possibly contributes significantly to the atypical effects of
clozapine treatment by blocking the same receptors [56].
Furthermore, impaired in vitro oxidation of clozapine has
been reported in steatotic rat liver due to downregulation
of CYP1A [57].

In contrast to haloperidol, which seems to show
only rare hematological effects, it is known that cloza-
pine induces dyscrasias of leukocytes [58] and eryth-
rocytes [7] in humans, and chronic liver injury in
mice [59] and rats [28, 29]. There is growing evidence
that clozapine medication is associated with severe
drug-induced hepatic injury in patients [60]. The
RDW is a potential prognostic index for liver disease
and is increased in rats with hepatic injury associated
with the metabolic syndrome [31, 32] and human pa-
tients [11]. The liver stores and processes
hemoglobin, so people with liver disease often have
some form of anemia. Our study has shown that
there is evidence from animal models that antipsy-
chotics can lead to pathological liver changes such as
steatosis or NAFLD in patients and this is reflected in
blood count parameters. An increase in liver transam-
inases is often seen at the beginning of drug treat-
ment. Closer monitoring of laboratory values such as
RDW and hemoglobin may lead to earlier detection
of liver damage and thus would reduce morbidity and
mortality in patients treated with antipsychotics.

This study provides further information on the sex-
dependent metabolic effects of haloperidol and clozapine
in blood and iron metabolism, but has several limitations
as reported in Bouvier et al. [22]. Briefly, the number of
medicated animals is low and further investigations with
a higher number of animals per group are needed to en-
sure our results. Social isolation, essential for the exact



Bouvier et al. BMC Pharmacology and Toxicology (2022) 23:8

medication, is known to be a stress factor, and can influ-
ence behaviour and cognitive abilities. Furthermore, we
have not considered the effect of iron on glucose metab-
olism, knowing that iron influences glucose metabolism
at multiple levels [61].

Conclusion

In summary, we found anemia in the blood count of
male rats under clozapine medication and female rats
under haloperidol medication with varying causes de-
pending on the different drugs. We suggest that the de-
velopment of anemia is linked to pathological changes in
the liver. The oxidative stress under clozapine in the
liver tissue associated with high triglyceride levels in
males leads to the activation of HRI in males and to the
deposition of Fe’* as hemosiderin and degradation of
glycogen to glucose in females. Pathological liver
changes under antipsychotic medication are shown in
animal models, but also in the clinical setting. We pro-
vide further evidence that clozapine induces liver steato-
sis or NAFLD in male rats as recently found in patients
under clozapine medication [60]. Further investigations
in the clinical field must clarify whether the experimen-
tal results in the rat model are valid in human patients.
Greater attention to anemia pointing to liver injuries
would be helpful.
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